INTRODUCTION 45
Mechanisms underlying spatial attention and cognition have a special connection with the right 46 cerebral cortex. Areas in right ventral parieto-temporal and frontal cortex activate in tasks that 47 require attention to detect objects in a stimulus-driven manner or to reorient to new locations 48 (Corbetta & Shulman, 2002; Shulman et al., 2010) . Mental operations underlying visuo-spatial 49 judgments rely on structures in the right middle frontal gyrus and intraparietal sulcus (Sack et al., 50 2005; Sack et al., 2007) . Regions in the right intraparietal sulcus also store working memory 51 content for both visual fields for higher loads (Sheremata et al., 2010) , and magnetic pulses over 52 right frontal eye fields disrupt transsaccadic memory (Prime et al., 2010) . In addition, non-spatial 53 forms of sustained attention activate right ventral regions more so than left ventral regions (e.g., 54
Husain Corbetta & Shulman, 2011 ). Yet most strikingly, damage to right 55 ventral regions causes spatial neglect, a severe deficit in perceiving and responding to stimuli, 56 especially on the contralesional side of space with strong attentional biases to the right side 57 (Mort et al., 2003; Karnath et al., 2004; Verdon et al., 2010) . 58
To clarify how these extreme rightward biases in patients relate to functions in the intact 59 brain, studies have sought to identify tasks and paradigmatic features that yield overt behavioural 60 biases to the left in healthy people, called "pseudoneglect" (Bowers & Heilman, 1980) , that 61 complement neglect biases in patients. Specifically, several experimental manipulations causing 62 stronger rightward biases in patients cause stronger leftward biases in healthy people (e.g., 63
McCourt & Jewell, 1999). This is consistent with the idea that pseudoneglect reflects small 64 imbalances in attentional processes on the left vs. right side that are associated with relatively 65 right-dominant brain functions. Furthermore, damage to these right-dominant structures might 66 then be more likely to cause spatial neglect than left-brain damage. Pseudoneglect is observed in 67 several paradigms (e.g., McCourt & Jewell, 1999; Fecteau et al., 2000; Brooks et al., 2011) Singh et al., 2011) . Moreover, as it has been shown recently pseudoneglect clusters into cohesive 70 subgroups of visuomotor pseudoneglect, pertaining to action tasks and visual search, and 71 perceptual pseudoneglect (Striemer & Danckert, 2010; Chen et al., 2019) . 72
Perceptual pseudoneglect, the focus of the present study, involves judgments about the 73 horizontal extent of visual stimuli such as in the line bisection or landmark task (Bowers & 74 Heilman, 1980; Milner et al., 1992) . A number of studies have attempted to identify its 75 functional anatomy but produced heterogeneous patterns of activity. The results agree and 76 disagree with one another in varying ways that are most clearly reviewed in the form of a table. 77
Briefly, Table 1 shows that several studies found activation within dorsal fronto-parietal regions 78 in the superior parietal cortex as well as intraparietal sulcus, often together with the frontal eye 79 fields and mostly with more right than left brain activation. Partially the same, partially other 80 studies identified (mostly right-sided) ventral frontal cortex to be involved in pseudoneglect: the 81 precentral sulcus below the frontal eye fields, a prefrontal part of the middle frontal gyrus, and/or 82 a part within the anterior insula. Moreover, a number of studies observed activation in different 83 parts of ventral visual cortex. This included different parts within the middle occipital gyrus, the 84 temporo-occipital and lingual cortex as well as calcarine cortex. Next, another subset of reports 85 included medial activation within the precuneus, the supplementary motor area, and/or the 86 cingulate. In addition, activity in left and/or right cerebellum was reported. 87 88 However, these findings come from simple contrasts where experimental and control 108 tasks were rather different and used physically different stimuli, or experimental conditions that 109 confounded horizontal with vertical attentional biases (see Table 1 ). Either way, imprecise 110 contrasts bear the risk that cognitive functions unrelated to the core mechanisms of 111 and colleagues (2011) used physically identical stimuli, either as a landmark task or a search 113 array and found that perceptual judgments were associated with greater superior parietal cortex 114 activity compared to visual search. Interestingly, however, there was no superior parietal 115 activation when the authors contrasted the same landmark data with rest (see Revill et al., 2011 116 in Table 1 ). This illustrates that entirely different patterns of activity can emerge depending on 117 the contrast used, reflecting differential and often uncontrolled cognitive demands across tasks. 118
To revisit the question as to the functional network that is associated with perceptual 119 pseudoneglect, here we pursued a novel approach. We used fMRI to image brain activity while 120 participants performed four tasks that elicited functions underlying perceptual pseudoneglect 121 with different probability. (1) As the task that was arguably most likely to trigger pseudoneglect 122 functions we used the grating-scales task (GST-HI, Niemeier et al., 2007) where people make 123 perceptual judgments about the high-spatial frequency components of two compound gratings, 124 one grating whose spatial frequency increases from left to right and one where frequency 125 increases from right to left ( Fig. 1 ). As participants decide which of the gratings contains a larger 126 region of higher spatial frequencies, they tend to choose the grating that presents the high spatial 127 frequencies on the left side. These leftward biases in the GST-HI have been shown to serve as a 128 valid measure of perceptual pseudoneglect because they interact with stimulus-driven attention 129 (Singh et al., 2011) . That is, GST-HI biases shift to the right with attentional cues on the right 130 side. But they remain unchanged with cues on the left. This asymmetrical cueing effect is 131 other pseudoneglect tests such as the landmark or greyscales task thus providing psychophysical 134 evidence that the different pseudoneglect tasks overlap in what they measure (Chen et al., 2019) . 135
(2) As an important advantage over other tasks, the GST-HI has a control condition, called LO, that was selected as our second task because it is very similar to the GST-HI. LO use stimuli that are physically identical and require similar perceptual judgments, except the 138 GST-LO requires participants to compare the low-spatial frequency components of the gratings. . This approach allowed us to identify brain activity with respect to a linear contrast 156 that reflected the gradual increase in probability of tasks triggering pseudoneglect processes. 157 Furthermore, the linear contrast emerged from the analysis, given its data-driven nature, without 158 a-priori specifications. In this way we were able to confirm that our four tasks did indeed 159 measure pseudoneglect to different degrees. 160 161 2. METHODS 162
Participants 163
Twenty-one adults recruited from the University of Toronto and York University gave 164 their informed and written consent to participate in the experiment and received monetary 165 compensation. One participant was excluded because of excessive motion during the scan, and 166 two people were excluded due to poor behavioural performance (z < -2.11 on asymmetrical 167 trials of the GST-HI and -LO data, see below), resulting in a total of 18 participants ranging in 168 age from 20 to 33 years (11 males; median age = 25.5 years). All experimental procedures were 169 approved by the Human Participants Review Sub-Committee of the University of Toronto as 170 well as York University, and have therefore been performed in accordance with the ethical 171 standards laid down in the 1964 Declaration of Helsinki. All participants self-reported to be free 172 of neurological diseases with normal or corrected-to-normal vision. All were right-handed as 173 confirmed by the Edinburgh handedness inventory (Oldfield, 1971) . 174 175
Experimental Design 176
Participants' horizontal attentional bias was measured using the grating-scales task (GST; 177 Niemeier et al., 2007) programmed in Matlab (Math Works) together with the Psychophysical 178 toolbox (Brainard, 1997; Pelli, 1997) . Each GST stimulus (e.g., Fig. 1A & B) consisted of two 179 horizontal bars, which were surrounded by one white and one black frame, respectively. Each 180 bar was filled with a luminance-defined sine wave grating that smoothly increased in spatial 181 frequency from 0.62 to 2.07 cycles per degree (cpd) leftward and rightward in the upper and 182 lower bar, respectively, or vice versa. Frequency increased as a function of a half-cycle of a 183 cosine within an approximately central area. To the left and right of the central area, frequency 184 remained constant so that stimuli spanned the same range of frequencies no matter where the 185 central area was placed inside the bars (Niemeier et al., 2007) . In this study, the central area was 186 placed at three different positions along the bars: the middle line (symmetrical trials), -12.5% left, 187 and +12.5% right relative to bar width (asymmetrical trials). We also superimposed 50% pixel 188 noise on to all GST stimuli (see Fig. 1A & B ). That is, trial by trial half the pixels of the GST 189 stimuli were selected to be set to some random luminance value between white and black. We GST stimulus. Participants judged which one of two horizontal bars contained "more of the 197 thinner stripes" (GST-HI condition) or "thicker stripes" (GST-LO) condition. In the FRAME 198 condition they indicated which of the two bars was surrounded by a white or black frame. The 199 FIX condition only showed a green fixation spot that participants were asked to fixate. Each fMRI data acquisition run of the experiment (four runs per subject) consisted of 208 four task conditions in a block design fashion, three of which presented the grating-scales stimuli. 209
Each trial (duration: 1650 ms) started with a central green fixation square (0.26° across) on a 210 middle-grey background for 500 ms, followed by a grating-scales stimulus. One hundred and 211 fifty milliseconds later, a grey blank response screen appeared for 1000 ms and participants were 212 asked to press the arrow-up and arrow-down key using an MR-compatible button box held in the 213 right hand to make all responses. The next trial started immediately after the end of the response 214 screen. In the GST-HI condition, participants responded so as to judge which of the two bars 215 appeared to have "more of the thinner" stripes. In the GST-LO condition, they judged which of 216 the two bars has "more of the thicker" stripes. In the FRAME condition, participants viewed the 217 same grating-scales stimuli but were asked to indicate which bar is surrounded by a black or 218 white frame. Finally, the fourth FIX condition presented no GST stimuli. Participants' sole 219 instruction was to fixate on a green dot against a middle-grey background for the duration of the 220 trial. 221
All four conditions were administered in each run for a repetition of six times, resulting 222 in 24 blocks per run. The order of the four conditions was presented in a pseudo-random order; 223 in addition, GST-HI and GST-LO conditions were never presented back to back to ensure that 224 participants would have enough time to switch between these rather similar tasks. Each block 225 from the HI, LO, and FRAME condition started with two trials that were obviously asymmetrical 226 (one biased to the left and one to the right) and that were used to check whether participants 227 adhered to the GST instructions. Twelve subsequent trials (unbeknown to the participants) were 228 symmetrical in order to estimate behavioural biases (i.e. pseudoneglect). All blocks had the same 229 duration time of 23.8 seconds. PLS analysis. PLS can identify regional activity change as a function of task condition. That is, 277
PLS is able to determine those brain regions whose activity covaries with the experimental 278 conditions. This approach is similar to principal component analysis operating under the 279 assumption that brain functions relate to the activity of a network of brain regions rather than 280 single regions. PLS analyses have advantages over a standard univariate approach because of the 281 following reasons: (1) PLS does not depend on assumptions about the shape of the hemodynamic 282 response function and thus, whole-brain changes in activity across task conditions can be 283 measured with greater sensitivity; (2) the PLS approach we adopted, mean-centred PLS, is model 284 free and allows a data-driven approach to be applied to the data to minimize family-wise error 285 rate. 286
The analysis was performed on all blocks of all trials from all four conditions (HI, LO, 287 FRAME, FIX). Specifically, a covariance matrix R was calculated between a matrix specifying 288 the activity at each voxel, during each block of trials, for each condition for all subjects (data 289 matrix X) and a matrix specifying the different task conditions (design matrix Y). Matrix R was 290 then submitted to singular value decomposition (e.g., Abdi, 2007) to extract a number of latent 291 variables (LVs), each encompassing a linear contrast between the task conditions and a spatial 292 pattern of voxels that embody this linear contrast. The LVs were ranked according to the amount 293 of covariance that they accounted for, also called singular value, and each voxel was associated 294 with a salience or weight that was proportional to this. Significance of each LV was determined 295 by a permutation test with 500 iterations (McIntosh et al., 1996) . That is, the data matrix X was 296 re-sampled by re-assigning the order of the conditions for each subject without replacement to 297 then calculate a new set of LVs together with their singular values. We performed this procedure 298 500 times to obtain a sampling distribution of permuted singular values and to assesses whether 299 the pattern represented in a given LV, captured by the singular value, is sufficiently strong to be 300 considered different from random noise with p < 0.05 according to established criteria in PLS 301 analysis (e.g., ) (here only one LV was found to be significant). 302 Furthermore, to assess the reliability of the voxel saliences we performed a bootstrap procedure 303 with 100 iterations where each iteration resampled with replacement the observations in X and Y 304 to obtain bootstrapped voxel saliences and to calculate standard errors (Efron & Tibshirani, 305 1986 ). The original saliences were then divided by the bootstrapped standard errors and the 306 resulting z-scored bootstrap ratios (BSRs) were considered to be significant if they were greater 307 than 3.30 or smaller than -3.30 (approximately equivalent to p < 0.0005). In addition, we only 308 considered clusters of 10 or more voxel (e.g., Stevens et al., 2008; O'Neil et al. 2013) . A local 309 maximum for each cluster was defined as the voxel with a BSR higher than any other voxel in a 310 10 mm cube centered on that voxel. Locations of the maxima were reported in the stereotaxic 311 coordinates of MNI space. Finally, multiplying the BOLD signal value in each brain voxel for 312 each subject by the salience for that voxel, and summing across all voxels, gave a "brain score" 313 for each participant and each condition on a given LV that, together with 95% confidence 314 intervals obtained from the bootstrapping procedure, was used to interpret the LVs. 315 316
Univariate Data Analysis 317
For better comparability with previous pseudoneglect studies we reanalyzed the data 318 using a univariate contrast between the HI and FRAME conditions, given that this contrast is 319 most comparable to previous studies on the landmark task where control conditions also used the 320 same or nearly the same stimuli for different tasks ( 
Behavioural Results 339
On average, response accuracy was high throughout (asymmetrical GST-HI trials: 0.964, 340 SD = 0.031; asymmetrical GST-LO trials: 0.956, SD = 0.049; GST-FRAME condition: 0.979, 341 SD = 0.023; Greenhouse-Geisser corrected one-way ANOVA: F(2,34) = 2.88, p = 0.092), 342 suggesting that participants had good and largely comparable attentiveness in the scanner and 343 followed all task instructions. GST-HI and -LO biases were to the left (t(17) = -2.86, p = 0.011, 344
Cohen's d = 0.67) and slightly to the right (t(17) = 1.05, p = 0.311, Cohen's d = 0.25) 345 respectively (difference: t(17) = 2.13, p = 0.048, Cohen's d = 0.92; Fig. 1C ), consistent with our 346 expectation that participants exhibited pseudoneglect during the GST-HI but not during the GST-347 LO (Singh et al., 2011) . 348 349
Task PLS Results 350
Data-driven task-PLS identified one significant pattern of brain activity or LV that 351 explained 61.38% of the covariance (p < 0.002). To interpret the LV, inspection of Fig. 2A  352 shows that the brain scores for GST-HI, GST-LO, FRAME, and FIX formed a roughly regular 353 "staircase pattern" with bootstrapped 95% confidence intervals that overlapped for none of the 354 tasks. This suggests that all four conditions contributed to the LV in a manner of a continuum, 355 consistent with our intention to use tasks that mapped pseudoneglect functions with increasing 356 probability. 357
Relating to the task distinction shown in Fig. 2A, Fig. 2B & C as well as Table 2 provide 358 the spatial pattern of BOLD signal. The warm regions (yellow and red) show a pattern of brain 359 activity marking regions that are most likely to be associated with functions underlying 360 pseudoneglect (section "HI > LO > FRAME > FIX" in Table 2 ). Cool colours (blue) mark 361 regions that are least likely to be associated with functions underlying pseudoneglect (section 362 "FIX > FRAME > LO > HI" in Table 2 ). This suggests that pseudoneglect was associated more 363 with right hemisphere activity, including parietal and dorso-frontal regions such as the 364 intraparietal sulcus (IPS) together with the intra-occipital sulcus (IOS) as well as the frontal eye 365 fields (FEF). Furthermore, there was significant activity in ventro-frontal regions such as the 366 ventral precentral sulcus (vPCS), the middle frontal gyrus (MFG), and the anterior insula (aIns). 367
Finally, pseudoneglect was also associated with several ventral visual areas, a small portion of 368 the caudatum and cerebellar clusters (see Table 2 for details). considerably beyond a single anatomical location so that further anatomical descriptions were 395 added in subsequent rows. In such cases cells for BSR, p-values and cluster sizes were left empty 396
to signify that the anatomical descriptions belonged to the same cluster. 397 398
Univariate Analysis Results 399
We also calculated a simple HI > FRAME contrast. That is, we compared the condition 400 that was most likely to elicit pseudoneglect with the condition that showed the same stimuli but 401 required an entirely different task. This is roughly comparable to previous studies on the 402 landmark task where control conditions also used the same or nearly the same stimuli for 403 different tasks (Fink et bilateral, though right-biased network of brain regions (Fig. 3 , Table 3 ; a parametric cluster 406 thresholding approach overall produced a very similar pattern, although clusters were slightly 407 larger). Just like with the PLS analysis there was activation in IPS. However, it expanded 408 dorsally into SPG, consistent with previous reports ( In the current study we used a multivariate approach to identify the functional anatomy of 437 perceptual pseudoneglect. Previous imaging studies investigating pseudoneglect have found, 438 collectively, a diffuse network of lateral and medial regions in parieto-frontal and occipital 439 cortex (see Tab. 1). However, the reported activation patterns might have resulted from the use 440 of statistical contrasts that failed to control for functions unrelated to pseudoneglect. Therefore, 441 here we examined pseudoneglect using the grating-scales task (GST) that has been shown to 442 (Chen et al., 2019) . We chose the GST as it lends itself to creating a cognitive continuum of 444 tasks ranging from the GST-HI condition, which elicits pseudoneglect, to the GST-LO, which is 445 less likely to trigger pseudoneglect but involves the same perceptual judgments and stimuli as 446 GST-HI (Singh et al., 2011) , to the FRAME control condition, which uses identical stimuli to 447 that in the GST-HI and -LO conditions, thus triggering similar visual processes, but simply 448 requires participants to make a colour judgement. Using a data-driven PLS analysis we were able 449 to confirm that our selection of tests indeed created a cognitive continuum. We show that 450 pseudoneglect is associated with a bilateral, yet right-dominant network encompassing the 451 intraoccipital and intraparietal sulci (IOS and IPS), the frontal eye fields (FEF), three distinct 452 regions in ventral frontal cortex (VFC, i.e., middle frontal, inferior frontal and anterior insular 453 cortex) as well as the cerebellum. 454
The present findings converge with previous functional neuroimaging studies that have 455 also observed activity in IOS (and surrounding middle occipital gyrus), IPS, FEF, and VFC in 456 association with pseudoneglect (see Table 1 ). Importantly, however, our results also diverge and 457 undermine the suggested involvement in pseudoneglect in a number of regions. Specifically, in 458 contrast to previous work, significant activity in medial regions such as the precuneus, 459 supplementary motor area, and cingulate was not observed in association with pseudoneglect, 460 suggesting that medial attention networks of top-down task control may not play a particular role 461 in pseudoneglect (e.g., Dosenbach et al., 2008; Petersen & Posner, 2012) . Likewise, we found no 462 activation around the temporo-parietal and temporo-occipital junctions (TPJ and TOJ) in 463 perceptual pseudoneglect (see below). Further, areas of the superior parietal gyrus (SPG) located 464 dorsal to the IPS were not active. Together with the inactivity in precuneus this might speak 465 against a role of attentional switching in perceptual pseudoneglect (Serences et al., 2004; 466 Shomstein & Yantis, 2004 ; although see Yantis et al., 2002 , for a switch-related region within 467 superior IPS). No SPG activation is also at odds with a study that elegantly used identical stimuli 468 in both a landmark and a visual search condition and observed more SPG activation during the 469 former task (Revill et al., 2011, Table 1 ). Perhaps the difference to Revill and colleagues (2011) 470 calls for further research, although, we do note that Revill and colleagues (2011) devised stimuli 471 that were much thicker than the lines that are commonly used in landmark experiments. It is 472 possible that rectangular shaped stimuli trigger mechanisms other than, or in addition, to those 473 underlying perceptual pseudoneglect. For example, pseudoneglect biases in the landmark task 474 decline with rectangular compared to line-shaped stimuli (McCourt & Jewell, 1999 ). Finally, we 475 observed cerebellar activation in association with pseudoneglect that was more prominent on the 476 right than left side. This is in contrast to previous studies on pseudoneglect (Fink et remains unclear at this stage, it is important to highlight that this activity cannot be accounted for 481 by motor activity associated with right-handed responses given that we did not observe 482 significant activity in the hand area in motor cortex. Future research should explore the specific 483 contribution of the cerebellum to pseudoneglect. 484
The differences in activation between the current PLS analysis and earlier studies is 485 unlikely to be due to the GST triggering other functions than the landmark task (i.e., the task that 486 was used in previous studies) because overall previous activation patterns do resemble quite 487 closely the pattern that we obtained with the HI > FRAME contrast with activation not only in 488 IPS, IOS, FEF, and VFC but also in areas around the IOS, the TOJ, and the left cerebellum. This 489 is consistent with previous psychophysical evidence that the GST measures similar forms of 490 pseudoneglect as other tasks including the landmark task (Chen et al., 2019) . Also, the 491 differences between our PLS analysis and previous work cannot be due to differences in 492 sensitivity. PLS is a highly sensitive method and, thus, it seems fitting that we observed more 493 extensive IPS activation than some of the earlier studies, or that we observed activation in middle 494 frontal cortex which few studies have reported previously. However, at the same time the PLS 495 analysis did not simply produce more activation throughout cortex with several regions showing 496 no activation as mentioned. Therefore, sensitivity alone cannot explain the difference in results. to understand these inconsistencies between spatial neglect and the right-hemisphere dominance 519 of related functions in the intact brain. 520
The network of cortical areas as observed here can be conceptualized in terms of the 521 attentional orienting system (e.g., Petersen & Posner, 2012 between perceptual pseudoneglect and attentional orienting does not appear to be straightforward 549 and requires further clarification in the future. What is more, it is quite possible that spatio-550 cognitive mechanisms other than attentional orienting are at the core of perceptual 551 pseudoneglect. 552
We have previously argued that perceptual pseudoneglect tasks require sensory 553 integration where information from the left and right visual fields is joined into representations 554 that preserve the topography of the input to allow for perceptual judgments upon them (Chen et 555 al., 2019) . Such a model of integrated representations inherently favours lateralization in one 556 hemisphere, especially as callosal communication becomes more costly (Shkuro & Reggia, 557 2003) . Indeed, increasing sensory or attentional effort imposed by visual noise appears to 558 magnify perceptual pseudoneglect biases (Chen & Niemeier, 2014; Chen et al., 2019) with the 559 underlying right-hemisphere dominance arising over time as participants work on a trial (Le et 560 al., 2015) . 561
Crucially, sensory integration and judgment processes map well onto the network of 562 observed brain areas. Regions in IPS, the FEF, and the ventral precentral cortex form retinotopic 563 representations (e.g., Silver & Kastner, 2009 ) that are put to work for several cognitive functions. 564
For example, FEF and parts of IPS have been implicated in accumulating evidence for perceptual 565 decisions (Gold & Shadlen, 2007) . IPS engages in maintaining and manipulating working 566 memory content (e.g., Bray et al., 2015) , and other forms of adaptive visual information 567 representations (Xu, 2018) incorporating spatial (Bettencourt & Xu, 2016) , and object-based 568 information (Jeong & Xu, 2016) . Also, with increasing cognitive or attentional effort, 569 information from both visual fields converges within the IPS in the right hemisphere (Sheremata 570 et al., 2010; Sheremata & Silver, 2015) . More specifically, the right-IPS dominance emerges 571 over time for example when people imagine a clock's face at different times to compare the 572 visual angles between the clock's hands (Sack et al., 2005) . Further, the same imagery task 573 connects right parietal cortex with areas in right middle frontal cortex (Sack et al., 2007) where 574 activity has been associated with control signals to boost IPS capacity (Edin et al., 2009) . 575
Finally, inferior frontal gyrus and anterior insula are involved in signalling perceptual 576 uncertainty (Heekeren et al., 2008) or effort (Wheeler et al., 2015) . 577
CONCLUSION 578
In sum, to our knowledge the current study is the first to use a multivariate approach to 579 identify a latent variable of perceptual pseudoneglect associated with brain areas in intra-580 occipital and intra-parietal as well as dorsal and ventral frontal cortex. The relationship of this 581 network with lesion studies requires further investigation. Its anatomy is consistent with the idea 582 of perceptual pseudoneglect as a functional asymmetry that arises naturally from a system of 583 spatial cognitive processes, which the brain uses to integrate sensory information for perceptual 584 judgments. 585
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